The mechanism of how fluoride causes fluorosis remains unknown. Exposure to fluoride can inhibit protein synthesis, and this may also occur by agents that cause endoplasmic reticulum (ER) stress. When translated proteins fail to fold properly or become misfolded, ER stress response genes are induced that together comprise the unfolded protein response. Because ameloblasts are responsible for dental enamel formation, we used an ameloblast-derived cell line (LS8) to characterize specific responses to fluoride treatment. LS8 cells were growth-inhibited by as little as 1.9 -3.8 ppm fluoride, whereas higher doses induced ER stress and caspase-mediated DNA fragmentation. Growth arrest and DNA damage-inducible proteins (GADD153/CHOP, GADD45␣), binding protein (BiP/glucose-responsive protein 78 (GRP78), the non-secreted form of carbonic anhydrase VI (CA-VI), and active X-box-binding protein-1 (Xbp-1) were all induced significantly after exposure to 38 ppm fluoride. Unexpectedly, DNA fragmentation increased when GADD153 expression was inhibited by short interfering RNA treatment but remained unaffected by transient GADD153 overexpression. Analysis of control and GADD153 ؊/؊ embryonic fibroblasts demonstrated that caspase-3 mediated the increased DNA fragmentation observed in the GADD153 null cells. We also demonstrate that mouse incisor ameloblasts are sensitive to the toxic effects of high dose fluoride in drinking water. Activated Ire1 initiates an ER stress response pathway, and mouse ameloblasts were shown to express activated Ire1. Ire1 levels appeared induced by fluoride treatment, indicating that ER stress may play a role in dental fluorosis. Low dose fluoride, such as that present in fluoridated drinking water, did not induce ER stress.
The mechanism of how fluoride causes fluorosis remains unknown. Exposure to fluoride can inhibit protein synthesis, and this may also occur by agents that cause endoplasmic reticulum (ER) stress. When translated proteins fail to fold properly or become misfolded, ER stress response genes are induced that together comprise the unfolded protein response. Because ameloblasts are responsible for dental enamel formation, we used an ameloblast-derived cell line (LS8) to characterize specific responses to fluoride treatment. LS8 cells were growth-inhibited by as little as 1.9 -3.8 ppm fluoride, whereas higher doses induced ER stress and caspase-mediated DNA fragmentation. Growth arrest and DNA damage-inducible proteins (GADD153/CHOP, GADD45␣), binding protein (BiP/glucose-responsive protein 78 (GRP78), the non-secreted form of carbonic anhydrase VI (CA-VI), and active X-box-binding protein-1 (Xbp-1) were all induced significantly after exposure to 38 ppm fluoride. Unexpectedly, DNA fragmentation increased when GADD153 expression was inhibited by short interfering RNA treatment but remained unaffected by transient GADD153 overexpression. Analysis of control and GADD153 ؊/؊ embryonic fibroblasts demonstrated that caspase-3 mediated the increased DNA fragmentation observed in the GADD153 null cells. We also demonstrate that mouse incisor ameloblasts are sensitive to the toxic effects of high dose fluoride in drinking water. Activated Ire1 initiates an ER stress response pathway, and mouse ameloblasts were shown to express activated Ire1. Ire1 levels appeared induced by fluoride treatment, indicating that ER stress may play a role in dental fluorosis. Low dose fluoride, such as that present in fluoridated drinking water, did not induce ER stress.
Fluoride is an effective caries prophylactic. However, acute or chronic exposure to fluoride can result in enamel (1) and skeletal fluorosis (2) , renal toxicity (3) , and epithelial lung cell toxicity (4) . Fluoride is present in fresh water at concentrations of less than 0.1 ppm to Ͼ100 ppm, and concentrations of ϳ1.6 -1.8 ppm in drinking water are the threshold for fluorosis risk among the population (5) . Fluoride ingestion between the ages of 15 and 30 months may be the most critical for fluorosis of the esthetically important human maxillary central incisors (6, 7) . It is during this time that dental enamel forms on the unerupted permanent teeth.
Rodents, including mice and rats, have continuously erupting incisors that manifest each developmental stage of enamel formation (amelogenesis). Moving from the distal tip of the incisor back to where the incisor grows beneath the molars, the developmental stages become progressively less mature. The initial stage of enamel development is the secretory stage. The columnar ameloblast cells of the enamel organ are responsible for dental enamel development. During the secretory stage the ameloblasts are tall, contain an extensive endoplasmic reticulum (ER), 1 and secrete large amounts of protein into the enamel matrix. During the maturation stage the ameloblasts are short, and in contrast to the secretory stage, they absorb proteins from the enamel matrix (8) . In 1977 Smith and Warshawsky (9) demonstrated that during the transition between the secretory and maturation stages (transition stage) an approximate 25% loss of rat incisor ameloblasts occurs with another 25% loss before the completion of the maturation stage. Subsequent studies confirmed the presence of apoptotic ameloblasts associated with normal rodent incisor development (10 -13) .
Although enamel fluorosis research has spanned seven decades (14) , no consensus exists as to the mechanism of its cause. One school of thought presents compelling evidence that fluorosis is caused primarily by the presence of excessive fluoride within the forming enamel. The fluoride ions are postulated to adversely affect the precipitation of hydroxyapatite that forms the enamel structure (15) . Although this postulate has merit, it does not adequately explain why different inbred strains of mice had different susceptibilities/resistance to enamel fluorosis, whereas the overall levels of fluoride present in their erupted incisors did not differ significantly (16) . Additionally, fluoride concentrations in enamel from unerupted human molars did not correlate positively with fluorosis severity, and it was concluded that individual genetic variation likely plays a role in fluorosis susceptibility (17) .
We examined the possibility that fluoride can cause an endoplasmic reticulum (ER) stress response. ER stress occurs when nascent proteins are not folded properly and/or are misfolded, leading to the initiation of the unfolded protein response (UPR). As the unfolded proteins accumulate in the ER, the chaperone-binding protein BiP is released into the lumen and binds to hydrophobic regions on the surface of the unfolded proteins to facilitate proper folding (18) . The UPR can activate three different primary ER stress response pathways (18 -20) . The only pathway that is conserved among all eukaryotic cells is that initiated by Ire1 (21) . Ire1 is both a kinase and an endoribonuclease. ER stress initiates Ire1 autophosphorylation and subsequent RNase activity specific for spliceosome-independent processing of Xbp1 mRNA. Processing of the Xbp1 mRNA by Ire1 results in a translation frameshift that allows encoding of active Xbp1 (22, 23) . Active Xbp1 is a basic leucine zipper (bZIP) transcription factor that can bind to and initiate transcription from both the ER stress response element (ERSE) and the UPR element (23, 24) . The UPR will also adapt to ER stress by translation attenuation, by protein degradation, or finally, by apoptosis. Although GADD45␣ is not known to be part of the UPR, it is a cell cycle checkpoint protein that arrests cells at G 2 /M phase (25) . GADD153/CHOP is an ER stress response gene that can also be induced by other stressors such as amino acid deprivation and exposure to oxidants (26, 27) . The GADD153/CHOP gene encodes a bZIP C/EBP homologous protein that forms heterodimers with other CCAAT enhancerbinding proteins (C/EBP) (28) . When phosphorylated by p38 mitogen-activated protein kinase, GADD153 becomes a more potent inducer of apoptosis. GADD34 was recently demonstrated to be directly activated by GADD153 (29) . Even so, the downstream effects of GADD153 expression are not well characterized (20) .
In this study we utilize the LS8 ameloblast cell line that was derived from mouse enamel organ (30) to assess whether fluoride can induce ER stress and initiate the UPR. We present evidence that fluoride induces an ER stress response involving caspases and increased expression levels of Bip, Xbp-1, GADD153, GADD45␣, Ire1, and the non-secreted form of carbonic anhydrase VI (CA-VI).
EXPERIMENTAL PROCEDURES
Cell Culture-The mouse ameloblast-derived cell line (LS8) and the CHOP Ϫ/Ϫ and CHOP ϩ/ϩ (referred to as GADD153 Ϫ/Ϫ or -ϩ/ϩ ) mouse embryo fibroblasts were maintained in ␣ minimal essential medium (Invitrogen) supplemented with fetal bovine serum (10%), penicillin (50 units/ml), and streptomycin (50 g/ml).
Sodium Fluoride Treatment and Determination of Cell Growth and Viability-To assess cell viability and growth, survival and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were performed. For survival assays, LS8 cells were plated at a density of 1000 cells in T-25 cm 2 flasks for 18 h and exposed to concentrations of NaF (stock, 100ϫ in water) from between 0 and 2 mM for a period of 24 h. Cells were washed with phosphate-buffered saline and allowed to grow in fresh medium for ϳ8 -9 days. The resulting colonies were stained with 0.5% methylene blue in 50% methanol and counted. Percent cell survival was then calculated (31, 32) .
For MTT assays, cells were plated in 96-well plates, and the experiments were performed after 18 h. The indicated concentrations of NaF were added to the wells. After 24 and 48 h, cell growth was determined by measuring MTT (Sigma) reductase activity. Briefly, MTT (0.5 mg/ml final concentration) was added and incubated for 3.5 h. After removal of the medium, crystals were dissolved in dimethyl sulfoxide (Me 2 SO) (Sigma), and optical density was measured at 550 nm using a microplate reader (HTS 7000 Bio Assay Reader, PerkinElmer Life Sciences). Six wells were analyzed, and the mean value was calculated for each NaF concentration. Experiments were performed in triplicate.
DNA Fragmentation ELISA Assay-DNA fragmentation was assayed using the Cell Death Detection ELISA kit (Roche Diagnostics). Cells were incubated in the presence or absence of either 50 M z-VADfluoromethyl ketone (Promega) or 2 M z-DEVD-fluoromethyl ketone (BioVision) for 1 h at 37°C and then treated with NaF for 24 or 48 h followed by processing for the Cell Death ELISA assay. The procedure was performed according to the manufacturer's instructions. All assays were performed in triplicate.
Reverse Transcriptase-Polymerase Chain Reaction-Total RNA was extracted from LS8 cells with Trizol reagent (Invitrogen), and cDNA was prepared using the SuperScript first-strand synthesis system (Invitrogen). PCR primers were: CA-VI Type A (sense), 5Ј-AGTGCT-GGGCTTAGTTTAGAGCTTTCC-3Ј, CA-VI Type B (sense), 5Ј-TCCT-GCATTCAGGGCTACAGCATCTG-3Ј, and CA-VI type A and B (antisense), 5Ј-AGATCGATCGATACTGTGTGTCCGT-3Ј.
Northern Blot Analysis-The GADD153, BiP, GADD45␣, XBP-1, ␤-actin, and CA-VI type B cDNA fragments were labeled with [␣-32 P]dCTP (6000 Ci/mmol) (PerkinElmer Life Sciences) using Prime-It RmT random primer labeling kit (Stratagene). In brief, 50 ng of PCR product was added to the reagent mix (containing random primers and dNTPs) and boiled for 5 min. Ten l of [␣-
32 P]dCTP and 3 l of magenta DNA polymerase were added to the boiled mix and incubated at 37°C for 10 min. The labeled cDNA fragment was denatured and added to the hybridization solution. Ten g of total RNA was run on a formaldehyde-agarose gel and transferred to a Hybond-N nylon membrane (Amersham Biosciences). The membrane was prehybridized in hybridization solution with 0.1 mg/ml heat-denatured salmon sperm DNA (Invitrogen) at 65°C for 1 h. 32 P-Labeled cDNA was added, and the membrane was incubated at 65°C overnight. The membrane was washed (0.1 ϫ SSC (1ϫ SSC ϭ 0.15 M NaCl and 0.015 M sodium citrate), 0.5% SDS) at 65°C 3 times for 30 min each. Membranes were stripped and re-probed for the indicated mRNAs.
Extraction and Treatment of Primary Porcine Enamel Organ Epithelial Cells-Third molar tooth buds were removed from the mandible of a 6-month-old pig and placed in Hanks' balanced salt solution supplemented with 0.02% EDTA for 30 min. Enamel organs were dissected from mineralizing tooth cusps and pulp organs. The enamel organs were dissociated into a single cell suspension as previously described (33) with the modification that any undissociated tissue pieces were eliminated by passing the suspension through a 40-m cell sieve (BD Biosciences). Approximately 3 ϫ 10 6 cells were obtained per enamel organ. Enamel organ cells were grown in Primaria T-75 flasks in LHC-8 medium (BIOSOURCE) supplemented with 10% fetal bovine serum, penicillin/streptomycin/amphotericin B, and 0.5 g/ml epinephrine at 37°C in 5% CO 2 . After 10 -12 days in culture, a fast-growing fibroblastlike cell population grew to confluency and then expired. Slow-growing epithelial cells remained. These cells were polygonal and grew as tightly clustered colonies. The cells were 80 -90% confluent after an additional 20 days in culture. Cells were harvested (trypsin) from flasks, counted, and inoculated into 6-well plates at a density of 2.5 ϫ 10 5 cells per well. The next day duplicate wells were treated or not with 2 mM NaF for 48 h followed by collection of total RNA with Trizol® reagent (Invitrogen). This procedure was performed on EO cells from two different 6-month-old pigs.
Real-time PCR Analysis of GADD153 and BiP Expression in Primary Porcine Enamel Organ Epithelial Cells-SuperScript III first-strand synthesis system for reverse transcription-PCR (Invitrogen) generated the cDNA for real-time PCR analysis. Primer sequence for expression analyses were: porcine BiP, forward, 5Ј-AAGACAAAGGTACAGGCAA-CAAAA-3Ј, reverse, 5Ј-CTCAGCAAACTTCTCAGCATCATT-3Ј; porcine GADD153, forward, 5Ј-CCTTGGGCTACTGCTGAC-3Ј, reverse, 5Ј-CA-TGAATAGAGGGGGTTGAG-3Ј. Internal control primers for porcine eEF1␣1 were: forward, 5Ј-GATGGAAAGTCACCCGTAAAGATG-3Ј, and reverse, 5Ј-GTTGGACGAGTTGGTGGTAGAATG-3Ј. The PCR temperature profile was 3 min at 95°C (initial melt) then 20 s at 95°C, 30 s at 65°C for 45 cycles, and 30 s at 95°C for 1 cycle, and 1 min at 55°C followed by stepwise temperature increases from 55 to 95°C to generate the melt curve. Standard curves were generated with each primer set by use of untreated control cDNA preparations and a 10-fold dilution series ranging from 1000 ng/ml to 100 pg/ml. PCR efficiencies and relative expression levels of GADD153 and BiP as a function of eEF1␣1 expression were calculated as previously described (34) .
Western Blot Analysis-LS8 cells were plated in 10-cm dishes and treated with 2 mM NaF or 0.5 g/ml tunicamycin (Sigma) for 24 h. Nuclear proteins were extracted by resuspending washed cells in harvest buffer (10 mM HEPES, pH 7.9, 50 mM NaCl, 0.5 M sucrose, 0.1 mM EDTA, 0.5% Triton X-100, 1 mM dithiothreitol, 10 mM tetrasodium pyrophosphate, 100 mM NaF, 17.5 mM ␤-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, 4 g/ml aprotinin, and 2 g/ml pepstatin A). After centrifugation, the precipitate was resuspended in buffer (10 mM HEPES, pH 7.9, 500 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% Nonidet P-40, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 4 g/ml aprotinin, and 2 g/ml pepstatin A). Insoluble debris was removed by centrifugation, and the protein concentration of nuclear extracts was determined by the BCA protein assay kit (Pierce). Thirty g of protein was run on 12.5% SDS-PAGE gels and transferred to nitrocellulose membranes (Bio-Rad). Antibodies (Santa Cruz Biotechnologies) were specific for GADD153 (sc-7351, 1:2000) or Xbp-1 (M-186, 1:3000). After incubation with appropriate primary and horseradish peroxidase-conjugated secondary antibodies (anti-mouse IgG, 1:5000; anti-rabbit IgG, 1:5000, Cell Signaling Technology), specific protein bands were detected and analyzed by enhanced chemiluminescence substrate detection (ECL Western blotting analysis system, Amersham Biosciences).
Immunocytochemistry-LS8 cells were plated in a four-well chamber slide (BD Biosciences). Cells were treated with or without 2 mM NaF for 24 h and fixed with 4% paraformaldehyde in phosphate-buffered saline. Primary antibody was either mouse monoclonal anti-GADD153 (sc-7351; Santa Cruz) or antisera specific for Ire1. 2 The Vector M.O.M. immunodetection kit (Vector) was used to detect GADD153, and the VectaStain Elite ABC kit (Vector) was used to detect Ire1. The staining procedure was performed according to the manufacturer's instructions.
Inhibition of GADD153 with Short Interfering RNA (siRNA)-siRNA was used to down-regulate GADD153 expression (Qiagen). The siRNA sequence was AACAGAGGTCACACGCACATC. Briefly, LS8 cells were plated in 10-cm dishes (12 ml of medium without antibiotics) and transiently transfected with 0.4 M siRNA in 3 ml of Opti-MEM with 30 l of Lipofectamine 2000 (Invitrogen). For 96-well plates LS8 cells were plated at 100 l/well and transiently transfected with 0.4 M siRNA in 100 l of Opti-MEM with 0.25 l of Lipofectamine 2000. After incubation for 24 h, cells were treated with or without 5 mM NaF for 24 h. Nuclear proteins were extracted as described above and used for Western blot or DNA fragmentation analysis.
Overexpression of GADD153-The mouse GADD153 cDNA was present or not (control) in the pcDNA3 vector (Invitrogen). The plasmids were transfected using Lipofectamine 2000 (Invitrogen). GADD153 protein expression was detected by Western blot analysis. Five g of protein from whole cells were subjected to SDS-PAGE. In brief, cells were plated in 6-well plates and transiently transfected with 0.75 or 1.5 g of DNA in 0.5 ml of Opti-MEM with 5 l of Lipofectamine 2000. After 24 h cells were collected and lysed (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM NaF, 1 mM EDTA, 0.1% protease inhibitor mixture, 0.5 mM phenylmethylsulfonyl fluoride). Insoluble debris was removed by centrifugation, and the protein concentration was determined by the BCA protein assay kit (Pierce). DNA fragmentation analysis was performed as described above.
In Vivo TUNEL Assay and Immunohistochemistry-All animals used in this work were housed in AAALAC-approved facilities, and all operations were performed in accord with protocols approved by the Institutional Animal Care and Use Committees at the Forsyth Institute. Six-week-old male C57BL/6J mice were purchased from Charles River Laboratories. Fluoride at a concentration of 0, 75, or 150 ppm as NaF was delivered ad libitum in the drinking water for 3-4 weeks. Fluoride concentration analyses of chow were performed in duplicate by a modification (36) of the hexamethyldisiloxane (Sigma) microdiffusion method, and serum fluoride levels were performed by the method of Vogel et al. (37) . Incisors were formalin-fixed, paraffin-embedded, and sectioned. For the TUNEL assay, the In Situ Cell Death Detection kit (Roche Applied Science) was used according to the manufacturer's instructions. The sections were incubated with anti-fluorescein antibody conjugated with horseradish peroxidase. For immunohistochemistry, sections were incubated in blocking agent (goat serum) for 20 min, in active Ire1␣-specific antisera (1:100) overnight, in peroxidase-conjugated antibody (Vectastain Elite Reagent), and in Sigma Fast 3,3Ј-diaminobenzidine substrate. Sections were examined by light microscopy for the presence of fragmented DNA and for the presence of active Ire1␣.
RESULTS
NaF Inhibits LS8 Cell Growth-To establish the concentration of NaF necessary for toxicity of the ameloblast-derived LS8 cell line, we performed cell survival assays. LS8 cells were seeded into 25-cm 2 flasks (1000 cells/flask) for 18 h before 24 h of treatment with NaF at concentrations of 0, 0.5, 1.0, 1.5, and 2.0 mM. After 8 -9 days, the resulting colonies were stained with methylene blue and counted. Experiments were performed in triplicate, and colony counts from the treatment groups were compared with the untreated controls (Fig. 1A) . Although the trend started at the lowest dose assayed (0.5 mM), significant levels of cell death were observed at the 1.5 (30%) and 2.0 mM (52%) NaF concentrations (Fig. 1A) .
Next we quantified LS8 cell proliferation by use of the tetrazolium salt MTT. MTT is reduced to an insoluble formazan dye by mitochondrial enzymes associated with metabolic activity, and the amount of dye formed correlates positively to the number of proliferating cells present. LS8 cells were treated with several concentrations of sodium fluoride of between 0 and 2 mM for either 24 or 48 h followed by assessment of cell proliferation by the MTT assay. Treatment with 0.1 mM NaF (1.9 ppm fluoride) reduced LS8 cell proliferation by about 4%, and a significant reduction in cell proliferation (ϳ10%) was 2 K. Lipson, L. Nguyen, S. Fonseca, E. Foss, R. Bortell, A. Rossini, and F. Urano, submitted for publication.
FIG. 1. Toxic and antiproliferative effects of NaF treatment on LS8 cells.
A, limiting dilutions of LS8 cells were seeded into culture flasks, allowed to adhere for 18 h, and treated for 24 h with the indicated concentrations of NaF. After 8 -9 days, the resulting colonies were stained and counted, and percent cell survival was calculated (number treated/untreated colonies) ϫ 100. Colonies from three flasks were counted for each experimental treatment group, and three separate experiments were performed. Error bars represent the S.D. B, LS8 cells were seeded into 96-well plates and treated for either 24 or 48 h with the indicated concentrations of NaF. Reduction of MTT to an insoluble formazan dye by mitochondrial enzymes was quantified for each well by A 550 measurements, and the results were used to calculate percent cell proliferation (treated A 550 /untreated A 550 ϫ 100). Six wells were assayed for each experimental treatment, and three separate experiments were performed. Error bars represent the S.D.
observed after exposure to 0.2 mM NaF (3.8 ppm fluoride) for 24 h (Fig. 1B) . After 48 h of fluoride treatment, the cells appeared to have time to recover from the low dose exposure (0.1, 0.2, and 0.5 mM) and proliferate at a slightly higher rate than the 24-h treatment groups. However, at the highest dose (2.0 mM), significantly less proliferation was apparent for the 48-h treatment compared with the 24-h treatment (Fig. 1B) .
NaF Induces Caspase-mediated DNA Fragmentation in LS8 Cells-DNA fragmentation was quantified by use of an ELISAbased TUNEL assay where adherent cells were assayed for DNA strand breaks. After 48 h of treatment with 2.0 mM NaF, a significant quantity of LS8 DNA strand breaks were observed ( Fig. 2A) . The addition of the general caspase inhibitor z-VAD eliminated the NaF-induced DNA strand breaks, demonstrating that caspases mediated the DNA fragmentation response. To determine whether z-VAD treatment protected the cells from NaF-induced cell death, we performed trypan blue dye exclusion assays in duplicate for each treatment in three different successive experiments (Fig. 2B) . The results demonstrated that z-VAD did not significantly protect LS8 cells from the toxic effects of NaF, indicating that caspases are involved but are not essential for NaF-induced cell death.
NaF Induces ER Stress-Because LS8 cells are more sensitive to the antiproliferative rather than the toxic effects of NaF, we asked if NaF induced a cell stress response. GADD genes are induced by growth arrest and DNA damage, so we assessed the expression levels of two GADD genes before and after NaF treatment. Northern blot analysis demonstrated that both GADD153 and GADD45␣ mRNAs were induced in LS8 cells after NaF exposure. The GADD153 induction was the strongest and increased in a time-and dose-dependent manner that peaked (40 -60-fold induction) after 24 h of 2 mM NaF exposure (Fig. 3A) . Because GADD153 expression may or may not stem from the ER stress response pathway (26, 27) , we asked if the ER stress response gene BiP was also induced by exposure to NaF. BiP is an ER resident molecular chaperone that is thought to prevent protein aggregation while maintaining a protein-folding-competent state (38) . BiP expression was increased in a time-and dose-dependent manner (Fig. 3A) and also peaked at 24 h of 2 mM NaF treatment (20-fold induction).
To determine whether the NaF-elicited response in LS8 cells was similar to that elicited by a verified ER stress inducer, we examined mRNA levels of GADD153, GADD45␣, and BiP after treatment with tunicamycin. Tunicamycin induces ER stress by inhibiting N-linked protein glycosylation and has been demonstrated to induce GADD153 and BiP expression in other cell lines (39) . Treatment of LS8 cells with 0.1 or 0.5 g/ml tunicamycin for 24 h significantly induced GADD153 expression by 50-or 100-fold and induced BiP expression by ϳ17-or 27-fold, respectively (Fig. 3A) . GADD45␣ was also induced, but similar to the NaF treatments, the overall level of the mRNA present FIG. 2. Role of caspases in NaF induced LS8 cell death. Cells were pretreated or not with 50 M z-VAD for 1 h followed by 48 h of treatment with 2 mM NaF. A, adherent cells were assayed for DNA fragmentation by an ELISA-based TUNEL assay that quantifies DNA strand breaks by measuring bound peroxidase activity (A 405 ). Two wells were assayed for each experimental treatment, and three separate experiments were performed. Error bars represent the S.D. Note that treatment of LS8 cells with NaF generated significant levels of DNA fragmentation that were almost completely eliminated by pretreatment with z-VAD. Cont, control. B, trypan blue dye exclusion was performed to obtain numbers of live cells after NaF treatment. Percent viability was calculated by counting live cells (number treated/number untreated ϫ 100). Two wells of a 24-well plate were analyzed for each experimental treatment, and 3 separate experiments were performed. Error bars represent the S.D. Note that z-VAD did not significantly protect LS8 cells from the toxic effects of 2 mM, 48 h NaF treatment.
FIG. 3. Treatment of LS8 cells with NaF induces the ER stress response.
A, representative Northern blots with 10 g total RNA/lane. Treatment times and doses are indicated above each lane, and the identity of the mRNA assayed is listed beside each blot. The same blot was stripped and reprobed for each mRNA assayed. Treatment of LS8 cells with tunicamycin (Tun) served as the ER stress response positive control (cont). With the exception of the ␤-actin control, the stress response genes assayed displayed increased expression in a time-and dose-dependent manner after NaF treatment. B, Northern blot analysis of LS8 gene expression as a function of pretreatment with z-VAD (Z). The same filter was stripped and reprobed for each mRNA assayed. Tunicamycin (T) served as the positive control. Note that the absence of DNA fragmentation did not affect NaF-mediated gene transcription. C, Western blot of protein (30 g) isolated from LS8 cell nuclei after 24 h of treatment with NaF (2 mM) or tunicamycin (0.5 g/ml). Both GADD153 and the active form of Xbp1 were induced by each treatment. D, immunohistochemical staining of LS8 cell nuclei with a monoclonal antibody specific for GADD153. Cells were treated or not with 2 mM NaF for 24 h as indicated. Panels to the left were stained with both primary and secondary antibodies (Ab). Panels to the right were stained with secondary antisera only. Immunolabeling detected strong expression of GADD153 in the NaF-treated cells.
was substantially less than that of GADD153 or BiP.
Because GADD genes are induced by growth arrest and DNA damage, we asked if caspase-mediated DNA fragmentation was a necessary component of the ER stress response. LS8 cells were pretreated or not with 50 M z-VAD followed by treatment for 48 with either 2 mM NaF or 0.1 g/ml tunicamycin. The induction of GADD153, GADD45␣, BiP, and XBP-1 message was not altered by prior treatment with z-VAD (Fig. 3B) , indicating that the gene products function upstream of the DNA damage caused by caspase activation.
Next we asked if the increased NaF-induced mRNA levels translated into increased levels of GADD153 protein and the active form of XBP-1. ER stress can initiate splicing of XBP1 mRNA so that the translation reading frame becomes shifted to encode a potent leucine-zipper-containing transcription factor. This transcription factor can bind to the ERSE to activate various ER stress response genes (21) . Therefore, we performed Western blots with antisera specific for GADD153 and Xbp1 to determine whether NaF treatment induced their expression. NaF treatment (2 mM, 24 h) increased the protein levels of GADD153 and of the active form of Xbp1 (Fig. 3C) . Immunocytochemical analysis of LS8 cells confirmed the NaF-mediated increase in GADD153 expression (Fig. 3D) . Strong staining was observed in the NaF-treated cells, but staining remained low or undetectable in untreated cells and in cells treated with NaF and the secondary antibody only. These data demonstrate that NaF treatment induces the ER stress response pathway in LS8 cells.
NaF Induces ER stress in First Passage Enamel Organ (EO) cells-To confirm the results demonstrated in LS8 cells for
non-transformed cells extracted from the EO, unerupted third molars were removed from pig mandibles and dissociated into cell suspensions (33) . Suspensions were then passed through a 40-m filter to collect single cells. The cells were allowed to grow and were treated (experimental) or not (control) with 2 mM NaF for 48 h. EO cells were collected, and total RNA was extracted for quantitative real-time PCR analysis. Before the analysis several housekeeping and internal control genes were tested for their ability to maintain stable expression during NaF treatment. Pig eEF1␣1 was the most stably expressed and served as the internal control mRNA for the quantification of GADD153 and BiP expression. Both the GADD153 and BiP mRNAs were induced substantially by exposure to NaF (Table  I) . Thus, in addition to the LS8 enamel organ-derived cell line, ER stress was also demonstrated in first passage EO cells that were exposed to NaF.
NaF Activates the Expression of Intracellular Carbonic Anhydrase-VI (CA-VI)-GADD153 was previously demonstrated to induce CA-VI expression (40) . This CA-VI was demonstrated as a novel intracellular form (type B) rather than the standard secreted CA-VI form (type A) (41) . Because natural ameloblast cells of the enamel organ are exposed to large amounts of acid as the hydroxyapatite that enamel is composed of grows, we asked if CA-VI was also induced in LS8 cells by NaF treatment.
To determine whether type A or type B CA-VI expression was induced, we performed diagnostic reverse transcription-PCR analysis. Each primer set was specific for either the type A or type B form. The results demonstrated that both NaF (2 mM, 24 h) and tunicamycin (0.1 g/ml, 24 h) activated the expression of CA-VI type B (Fig. 4A) . No expression of the type A form was evident in LS8 cells regardless of the presence or absence of the ER stress inducers (Fig. 4A) . The NaF-induced CA-VI PCR band was purified and sequenced to confirm its identity. Northern blot time-course analysis demonstrated that CA-VI expression was activated to peak levels after 2 mM NaF treatment for 24 h (Fig. 4B) .
Attenuation of GADD153 Expression Increases DNA Fragmentation in LS8 Cells, Whereas Transient Overexpression Has
Little Effect-siRNA was designed and used to reduce the levels of LS8 GADD153 mRNA. Western blot analysis confirmed that GADD153 siRNA treatment reduced the amount of GADD153 protein expressed by NaF-treated LS8 cells (Fig.  5A) . The cells were then assessed for levels of DNA fragmentation. Cells treated with nonspecific control siRNA and NaF or tunicamycin exhibited significant amounts of DNA fragmentation. However, when cells were treated with GADD153 siRNA, the amount of DNA fragmentation observed after NaF or tunicamycin treatment was nearly doubled, suggesting that GADD153 plays a role in preventing DNA fragmentation (Fig.  5B) . To further explore this possibility, we transiently overexpressed GADD153 in LS8 cells by transfecting them with a CMV-driven expression plasmid (CMV-GADD153). Western blot analysis confirmed that a dramatic increase of GADD153 protein level occurred as a result of the transfection (Fig. 5A) . NaF-induced (5 mM, 24 h) DNA fragmentation was assessed after transfection with empty expression vector (CMV), CMV transfection followed by NaF treatment, CMV-GADD153 transfection, and CMV-GADD153 transfection followed by NaF treatment (Fig. 5C) . Interestingly, GADD153 overexpression did not significantly alter LS8 DNA fragmentation in the presence or absence of NaF.
Caspase-3 Is Responsible for Increased DNA Fragmentation In GADD153
Ϫ/Ϫ Cells-To confirm and further explore the role of GADD153 in caspase-mediated DNA fragmentation, we assessed fragmentation in SV40 T-antigen-transformed mouse embryonic fibroblasts (MEF). The MEF cells were either GADD153 ϩ/ϩ or had homozygous deletion of the GADD153 mediated DNA fragmentation that were virtually eliminated by treatment with the pan-caspase inhibitor z-VAD. The adherent GADD153 Ϫ/Ϫ cells had nearly twice as much fragmentation as did the adherent GADD153 ϩ/ϩ cells (Fig. 6, top panel) . Because NaF was previously demonstrated to activate caspase-3 (42), we assessed the role of caspase-3-mediated DNA fragmentation in MEF cells by use of the caspase-3 inhibitor z-DEVD. Pretreatment of MEF cells with 2 M z-DEVD significantly reduced GADD153 Ϫ/Ϫ DNA fragmentation to levels similar to those of the GADD153 ϩ/ϩ cells. However, z-DEVD treatment did not significantly alter the fragmentation levels observed in the GADD153 ϩ/ϩ cells. These results suggest that in adherent cells GADD153 may lead to the inhibition of caspase-3-mediated DNA fragmentation.
Characterization of Mouse Incisor Enamel Organ after Exposure to Fluoridated Drinking
Water-Mice were exposed to 75 or 150 ppm fluoride as NaF in the drinking water ad libitum to determine whether active Ire1 was induced and if their enamel organs were adversely affected. Mouse incisors continuously erupt so the incisor enamel organs are present throughout adulthood. After 3-4 weeks of NaF treatment mice were bled and sacrificed, and their white fluorotic incisors were immediately dissected and demineralized for sectioning. Fluoride concentrations in mouse chow averaged 20 g/g (20.4 ppm), and mouse serum fluoride concentrations averaged: 0 ppm fluoride, 0.18 g/ml; 75 ppm fluoride, 0.29 g/ml; 150 ppm fluoride, 0.37 g/ml (Table II) .
For the 150-ppm-treated mice, sections were assessed by TUNEL assay for the presence of nuclei containing fragmented DNA. The enamel organs from these mice had lost their distinctive morphology. In contrast to controls, no columnar (bottom) . B, ELISA-based TUNEL assays for quantification of DNA strand breaks. NaF-induced DNA fragmentation of cells pretreated with GADD153 siRNA (NaF, ϩ) demonstrated significantly more strand breaks (left panel) than those treated with nonspecific siRNA and NaF (NaF, Ϫ) or with siRNA alone (cont, Ϫ). Results similar to the NaF treatments were obtained with 0.1 g/ml tunicamycin (Tu) treatment for 24 h (right panel). C, ELISA-based TUNEL assay for quantification of DNA strand breaks. Cells were transfected with either empty CMV vector (Ϫ) or CMV-GADD153 vector (ϩ) and were untreated (cont) or were treated with NaF (NaF). Regardless of NaF treatment, GADD153 overexpression had little to no effect on DNA fragmentation. All NaF treatments were 5 mM for 24 h, and for all TUNEL assays, two wells of a 96-well plate were analyzed for each experimental treatment, and three separate experiments were performed. Error bars represent the S.D.
FIG. 6. Caspase-3 activity is responsible for increased levels of NaF-mediated DNA fragmentation in GADD153
؊/؊ cells versus controls. Mouse embryonic fibroblasts with (GADD153 Ϫ/Ϫ ) or without (GADD153 ϩ/ϩ ) homozygous GADD153 gene deletion were pretreated or not with either 50 M z-VAD (top panel) or 2 M z-DEVD (bottom panel) for 1 h followed by 24 h of treatment with 5 mM NaF. Adherent cells were assayed for DNA fragmentation by the ELISA-based TUNEL assay. Three wells were assayed for each experimental treatment, and three separate experiments were performed. Error bars represent the S.E. of the mean. Note that significantly more NaF-induced strand breaks occurred in the GADD153 Ϫ/Ϫ cells than in the control cells and that inhibition of caspase-3 with z-DEVD eliminated this difference. Cont, control.
ameloblasts cells were present in the NaF-treated enamel organs (Fig. 7A) . TUNEL staining revealed that the NaF-treated mice contained more positively stained nuclei than controls, especially in areas where ameloblasts were normally observed. We next asked if NaF treatment induced the dimerized active form of Ire1. LS8 cells were assessed for active Ire1 by immunocytochemical means. Cells treated with 2 mM NaF for 24 h did display stronger staining when compared with the untreated control cells (Fig. 7B ), indicating that Ire1 had become activated by the NaF exposure. To determine whether Ire1 was active in vivo in normal mouse ameloblasts or in ameloblasts where mice were exposed to 75 ppm fluoride in drinking water, Ire1 immunostaining was also performed. Both the controls and fluoride-treated mice had ameloblasts that stained positively for Ire1, and it appeared that the staining was more intense for the fluoride-exposed mice (Fig. 7, C and D, right  panel) . Pancreatic ␤-cells secrete large quantities of insulin and have a naturally induced ER stress response to accommodate the protein load.
2 Therefore, as a positive control we tested the antisera specific for activated IRE1 on ␤-cells present within the mouse pancreas. As expected, strong staining was observed in the ␤-cells but not in the surrounding tissue (Fig. 7D, left  panel) . These results suggest that normal mouse ameloblasts may undergo an ER stress response that is enhanced by exposure to high dose fluoride.
DISCUSSION
Fluoride-induced ER stress was demonstrated after NaF treatment of both the ameloblast-like LS8 cell line and first passage porcine EO cells. For LS8 cells, fluoride exposure significantly reduced cell growth, decreased cell survival, induced caspase-mediated DNA fragmentation, and induced the expression of GADD153, GADD45␣, BiP, the active form of Xbp-1, and the non-secreted form of CA-VI. Although NaF induction of the UPR has not been demonstrated previously, prior published results are consistent with this result. For example, ER stress may cause an overall reduction in protein synthesis so that the cell can cope with the existing unfolded or misfolded proteins (43) . As early as the mid-1960s, NaF exposure was demonstrated to inhibit protein synthesis in several different cell and tissue types (44) . Specifically, treatment of rats with 75 or 100 ppm fluoride in drinking water caused a reduction in enamel protein synthesis and a reduction of enamel protein removal from the matrix (45) . Another report demonstrated that after NaF exposure, rat incisor ameloblasts had a disturbance of vesicular transport between the ER and Golgi apparatus (46) . Also, the apical ends of ameloblasts cycle between a ruffleended and smooth-ended morphology during the maturation stage of enamel development, and 100 ppm NaF in rat drinking water will delay this cycle by as much as 30% (47) . These previous results are consistent with fluoride-induced ER stress with subsequent induction of the UPR.
Prior studies have demonstrated that NaF may induce apoptosis in cultured cells (4, 42, 48 -52) . Our results demonstrating that NaF treatment induces apoptosis are in agreement with these previous studies. To determine whether NaF-induced DNA strand breaks in LS8 cells, we used a sensitive ELISA assay that detects cleaved nucleosomal DNA. Only adherent cells were assayed for each treatment group in order to avoid assaying nonspecific necrotic DNA fragmentation. Effector caspases activate the DNA fragmentation factor, which cleaves DNA between nucleosomes. However, DNA fragmentation proved dispensable for LS8 cell death because, although z-VAD treatment prevented fragmentation, it did not protect the LS8 cells from NaF-induced toxicity (Fig. 2) . Previously it was demonstrated that deletion of DNA fragmentation factor from the mouse genome dramatically reduces apoptotic DNA fragmentation but does not alter developmentally regulated apoptotic events. These mice breed and develop normally (53) . Although it has been suggested that DNA fragmentation serves as a means to eliminate inserted viral DNA (54), it was dispensable for normal developmentally programmed cell death just as it was dispensable for NaF-induced LS8 cell death.
Previously, GADD153 was demonstrated to induce the ex- , which overwhelm the local buffering capacity of the tissue fluids that percolate through the developing enamel (57) . To compensate for this, it has been proposed that ameloblasts, which form a relatively tight permeability barrier at the enamel surface, excrete large amounts of HCO 3 Ϫ ions into the enamel by way of a band 3-type anionic exchanger (57, 58) . Thus, mechanisms are in place that depend on cytoplasmic carbonic anhydrase activity to keep pH of the developing enamel layer from becoming too acidic. The expression of the non-secreted form of CA-VI was induced to its highest level in LS8 cells 24 h after NaF treatment (Fig. 4) . Whether or not the non-secreted form of CA-VI plays a role in enamel formation remains to be explored. However, maintenance of pH does appear to be a priority during ER stress when, in general, protein synthesis is otherwise reduced.
The results demonstrating that NaF and tunicamycin-induced DNA fragmentation increased upon inhibition of GADD153 levels (Fig. 5 ) was unexpected. We further characterized these results by assessing DNA fragmentation in NaFtreated GADD153
ϩ/ϩ and -Ϫ/Ϫ MEF cells. GADD153 Ϫ/Ϫ cells had almost double the amount of DNA fragmentation compared with that observed in the GADD153 ϩ/ϩ cells, and this difference was attributable to caspase-3 activity (Fig. 6 ). GADD153 is generally considered a pro-apoptotic factor so we had expected that decreased GADD153 levels would reduce DNA fragmentation rather than increase it. Conversely, when GADD153 was overexpressed in LS8 cells, no difference in NaF-induced DNA fragmentation was observed. The downstream effects of GADD153 are not well characterized, and literature exists demonstrating that GADD153 affords protection from specific stressors. These stressors include H 2 O 2 and O 2 (59) , radiation (60, 61) , and human growth hormone, which induces apoptosis of mammary carcinoma cells (62) . Recently it was demonstrated that GADD153 induces death by promoting protein synthesis and oxidation in the stressed ER (29) . Thus, a reduced overall ER stress response that allows increased protein synthesis during critical ER protein overload will result in cell death. This sequence of events fits with our results. Because the UPR can lead to the activation of caspase-3 (18), a GADD153-mediated reduction in UPR induced caspase-3 activity could explain why DNA fragmentation was reduced in cells expressing GADD153. Therefore, by promoting protein synthesis, GADD153 may also have the downstream effect of reducing caspase-3 activity. Also, it should be noted that GADD153 is expressed during normal developmental processes such as adipogenesis (28), erythropoiesis, (63) , and mammary gland development (64) . Therefore, GADD153 plays other roles in addition to participating in apoptotic events.
To determine whether ER stress may play a role in dental fluorosis we adopted several approaches. Attempts to obtain enough ameloblast mRNA by use of laser-capture microdissection for real-time PCR analysis proved unsuccessful. The demineralization procedures necessary to section mouse incisors may have adversely affected the ameloblast mRNA. However, we did demonstrate that 150 ppm fluoride in drinking water virtually obliterated the mouse incisor ameloblast layer and resulted in a significant amount of apoptosis in the remaining cells (Fig. 7A) . Previously it was demonstrated that mice will tolerate 175 ppm fluoride in their drinking water with no significant long-term (2 years) ill effects (35) . Therefore, our result suggests that the ameloblasts are significantly more susceptible to the toxic effects of fluoride than are other tissues. In addition, immunohistochemical analysis of active Ire1 expression demonstrated that normal ameloblasts do express active Ire1 and that this expression may be enhanced by high dose fluoride treatment (Fig. 7, C and D, right panel) . Although the mouse serum fluoride concentrations were significantly less than the concentrations necessary to induce ER stress in the LS8 cell line, the prolonged fluoride exposure (weeks) and a UPR that appears already active in endogenous ameloblasts may induce ER stress at substantially reduced fluoride concentrations. In any case, the ameloblasts are substantially more susceptible to the toxic effects of fluoride exposure than are other cells of the body, and we demonstrate here that ER stress may play a role in this susceptibility.
In summary, we have demonstrated that NaF induces an ER stress response in first passage EO cells and in the ameloblastderived LS8 cell line. We also demonstrate that the ameloblasts of the enamel organ are, perhaps, the cells most susceptible to the adverse effects of high dose fluoride exposure. And, although further study is necessary, our data suggest that ER stress may play a role in dental fluorosis.
